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Abstract— An important element in the electric power distribution system is the underground cable. However continuous applications 
of high voltages unto the cable may lead to insulation degradations and subsequent cable failure. Since any disruption to the 
electricity supply may lead to economic losses as well as lowering customer satisfaction, the maintenance of cables is very important to 
an electrical utility company. Thus, a reliable diagnostic technique that is able to accurately assess the condition of cable insulation 
operating is critical, in order for cable replacement exercise to be done. One such diagnostic technique to assess the level of 
degradation within the cable insulation is the Polarization / Depolarization Current (PDC) analysis. This research work attempts to 
investigate PDC behaviour for medium voltage (MV) cross-linked polyethylene (XLPE) insulated cables, via baseline PDC 
measurements and utilizing the measured data to simulate for PDC analysis. Once PDC simulations have been achieved, the values of 
conductivity of XLPE cable insulations can be approximated. Cable conductivity serves as an indicator of the level of degradation of 
XLPE cable insulation. It was found that for new and unused XLPE cables, the polarization and depolarization currents have almost 
overlapping trendlines, as the cable insulation’s conduction current is negligible. Using a linear dielectric circuit equivalence model as 
the XLPE cable insulation and its corresponding governing equations, it is possible to optimize the number of parallel RC branches to 
simulate PDC analysis, with a very high degree of accuracy. The PDC simulation model has been validated against the baseline PDC 
measurements. 
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I. INTRODUCTION 
All types of insulation material undergo degradation 
process or ageing effects. Ageing is fundamentally caused 
by changes in the molecular structure of the dielectric. There 
are certain identified parameters that have been defined as 
ageing factors such as mechanical stress, electrical stress, 
temperature and environmental factors [1].  
Due to the service life of distribution cables, the 
insulating materials are subject to change. These changes 
relate to the degradation of the insulation properties of the 
power cables. The diagnostic technique is a predictive 
maintenance that can detect the early stage of insulating 
materials degradation. 
Failure of underground cable insulation could affect the 
whole electrical distribution system. The problems arising 
from continuous applications of high voltages as well as 
various ageing mechanisms experiences by the cable 
insulation can lead to degradation, which reduces the life 
service of the cable. Therefore, power utility companies are 
nowadays faced to choose either to repair, resume as normal 
or replace the entire cable.  
Since the cost of repairing and replacing a degraded 
underground cable can be very expensive so from a power 
utility company’s point of view, there is a constant need to 
allocate its resources strategically to prioritize the cables in 
accordance with their degradation severity. Thus a “smart 
cable maintenance” system should be put in place to replace 
only cables that may affect the electrical network’s 
reliability [2]. 
Many non-destructive cable tests have been proposed, 
amongst which are return voltage method [3]–[5], and 
dielectric spectroscopy [6]–[9]. Another proposed technique, 
the Polarization / Depolarization current (PDC) analysis, has 
been extensively used to assess degradations in machines, 
power transformers and high voltage insulation system   [3], 
[10]–[16]. There is also a marked interest in recent years to 
use the PDC analysis to assess for cable insulation 
degradation [17]–[21]. 
This paper proposes to model and simulate PDC analysis 
971
for the widely used underground cable insulation in service, 
which is cross-linked polyethylene (XLPE) cables, to a high 
degree of accuracy, to serve as a starting point towards the 
determination of conductivity to assess the level of XLPE 
cable insulation degradation. The study follows the model 
for linear dielectric circuit equivalence closely, with its 
corresponding governing equations given in [22], to 
determine the number of parallel RC branches, n. The 
method involves using the baseline PDC measurement 
values on new and unused XLPE cables, to obtain 
parameters of the governing equations and subsequently 
determining a suitable value of n.  
The determined value of n is then validated against six 
experimental PDC values. The DC applied voltage, time 
domain based method used in this study is similar to that 
used for oil-impregnated paper insulated [13] and metal 
oxide surge arresters [14], validated against PDC and RVM 
measurements.  
However, this study is unique as it is only to assess for 
XLPE cable insulation which has different numbers of n and 
discharging times, when compared to the studies done in [13] 
and [14], due to the differences in its insulation geometry 
and type of insulation material. For the purpose of practical 
modeling, n is within the range of four to ten, subject to its 
decay pattern of depolarization current [14].  
The interpretation of ageing conditions from XLPE cable 
conductivity values [19], [20] and comparison between PDC 
and DS techniques [18] to assess for XLPE cable 
degradations are beyond the scope of this paper and have 
been reported earlier. 
II. MATERIAL AND METHOD 
A. PDC Measurement Principles 
PDC measurement is conducted by having a DC voltage 
source applied to the insulation material for a lengthy 
duration, typically in the range of 1,000 s to 10,000 s. At this 
voltage application period, current that arises from the 
charging or polarization process is measured. The magnitude 
and behaviour of the polarization current are dependent on 
the conductivity of the insulation. After the charging period 
has completed, the test sample is then short-circuited, giving 
rise to an opposite discharging or depolarization current. A 
schematic of a basic PDC measurement setup is as shown in 
Fig. 1. 
 
Fig. 1  Basic PDC measurement setup 
 
The typical voltage U(t) and current I(t) profiles across the 
insulation, under the application of a step charging voltage 
U0, is as per Fig. 2. Both polarization and depolarization 
currents, ip and id respectively, are dependent on the 
geometry of the insulation [14], [23] and also properties of 
the insulating material [24], [25]. In the same figure, 
tpolarization and tdepolarization refer to the polarization and 
depolarization times, respectively. 
 
 
Fig. 2 Voltage and current profiles across insulation during polarization and 
depolarization processes [13] 
 
B. Equivalent Circuit 
PDC measurements on XLPE cables are performed by 
measuring the charging and discharging currents when a 
voltage is applied to the XLPE cable insulation and short-
circuited after a long time period. Thus, the insulating 
medium may be modeled by a circuit equivalence  
comprising of series connected resistors, R, and capacitors, 
C, assigned to parallel RC branches, in order to analyse the 
current flow across the insulation. The circuit equivalence is 
shown below in Fig. 3. 
 
Fig. 3  Equivalent circuit to represent dielectric loss, conduction, and 
polarization/ depolarization currents across insulation 
 
This equivalent circuit, which is a modified version of the 
Debye model, is able to simulate polarization and 
depolarization currents in the time domain. As every parallel 
RC branch produces an exponential current, the 
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depolarization current is the superposition of these 
exponentials. The DC resistance R0 represents the 
conduction current flowing through the insulation whereas 
capacitance C0 is used to determine its complex capacitance. 
C. Governing Equations 
Insulation dipoles tend to have an inclination to align 
themselves to the electric field direction, giving rise to 
polarization current. The dipoles will relax and return to 
their previous states once the electric field has been removed. 
The relaxation process may be represented by parallel RC 
branches, as shown above in equivalent circuit of Fig. 3. 
These parallel RC
 
branches which are dependent on the 
dipoles relaxation characteristics of the insulation 
corresponds to different time constants, τi. 
The insulation bulk resistance, R0 and capacitance C0 
depends very much on the XLPE cable geometrical 
dimension and dielectric properties. They also dictate the 
amount of conduction current flowing through the insulation.  
PDC measurements can be used to determine the circuit 
parameters. The relationship between polarization, 
depolarization and conduction currents can generally be 
expressed as: 
 
                            
( ) ( ) ( )tititi dcp +=                          (1) 
 
where ip is charging or polarization current, ic is conduction 
current and id is discharging or depolarization current. 
Polarization and depolarization currents are both 
functions of time, made out of a series of exponential decays. 
Conduction current, on the other hand, should be constant 
throughout the duration of the voltage application. 
Expressing the conduction current in terms of Ohm’s law, 
the following is deduced: 
                                    0
0
R
Uic =                                        (2) 
where U0 represents the voltage applied across the insulating 
material.  
For an XLPE cable, the insulation is between the main 
current-carrying conductor and the metallic screen, as shown 
in Fig. 4.  
 
Fig. 4  Simple geometrical representation of an XLPE cable 
 
Thus the bulk resistance R0 and capacitance C0 of the 
insulation between the two electrodes can be determined 
based on the concentric cylinders type of geometry, and also 
the material properties for the dielectric: 
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where a is the inner radius of XLPE cable sample insulation, 
b is the outer radius of XLPE cable sample insulation, L is 
XLPE cable sample length, σ is conductivity and ε0εr is 
permittivity of insulation material. 
The depolarization current consists of a few exponential 
decays made up of parallel RC
 
branches and mathematically 
denoted by:                   
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                                      iii CR=τ                                  (7) 
 
where n is a number of parallel RC branches, Ai and τi are 
decay constants, and TC is charging time. The respective 
values of Ri and Ci in (7) will influence the depolarization 
current’s shape of exponential decay. Approximations of 
decay constants Ai and τi were done using results obtained 
from PDC baseline measurements. The determination of n, 
given in (5), works in conjunction with (6) and (7). The 
value of n in the simulation is determined by simulating id 
for various n values and choosing the n value at which 
measured and simulated depolarization overlaps each other, 
to validate their agreement to each other. All the calculations 
of linear dielectric circuit equivalence model parameters 
were done using MATLAB. 
D. Baseline PDC Measurement Setup 
The PDC measurements were performed on six new and 
unused 11kV medium voltage (MV), XLPE cables with 
aluminium (Al.) conductor. The cable specifications for the 
experimental cable samples are as shown in Table 1.  
 
TABLE I 
EXPERIMENTAL XLPE CABLE SAMPLE SPECIFICATION 
Cable Property Specification 
Cable type 11 kV , 1C XLPE, Al. conductor 
Cable manufacturer Tenaga Cable Industries Sdn. Bhd. 
Conductor: nominal area 150 mm2 
Insulation: thickness  3.4 mm 
Insulation: inner radius, a  6.9 mm 
Insulation: outer radius, b 10.3 mm 
Insulation: relative 
permittivity, εr 
2.3 
 
All XLPE cable samples were cut into sectionals of 1 m 
length each, and their over sheaths, semiconducting layers, 
copper screens and polyethylene insulations were cut, as 
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shown in Fig. 5, in order to apply the voltage between the 
insulation.  
 
 
 
 
Fig. 5  Sample of 1 m XLPE cable section, prepared for PDC measurement 
 
For each XLPE cable sample, a DC voltage of 1 kV was 
supplied for a duration of 1,000 s to enable polarization of 
the insulation, after which the switch was triggered, and 
depolarization started, as per basic PDC measurement setup 
is shown earlier in Fig.1. The polarization and depolarization 
currents flowing through the insulation were measured with 
a highly sensitive ammeter of PDC Analyser 1-MOD.  
 
 
Fig. 6  PDC measurement experimental setup 
 
The experimental setup for the PDC baseline 
measurement was as shown in the above Fig. 6, consisting of 
measuring device PDC Analyser 1-MOD, voltage source and 
control electronics of PDC Phantom-100XE, as well as 
XLPE cable sample as the test object. 
III. RESULTS AND DISCUSSIONS 
A. Baseline PDC Measurement 
The resulting PDC measured results for all six XLPE 
cable samples, Cables 1 to 6, were plotted on logarithmic 
scales and shown in the following Fig. 7 to Fig. 12. All the 
experimental results showed almost overlapping polarization 
and depolarization currents. There was no observed 
difference between the polarization and depolarization 
currents trendlines, as all the samples were new and unused. 
Thus no degradation effect due to conduction current was 
detected, i.e. ic = 0.  
The similarity in trendlines between resulting polarization 
and depolarization currents suggests that without any form 
of degradation, the circuit parameters describing the 
polarization and depolarization processes can be treated as 
almost constant.  
Thus the depolarization current results obtained for all six 
XLPE cables samples can be used to approximate decay 
constants Ai and τi for the XLPE cable simulation modeling 
purposes. 
 
 
Fig. 7 Polarization and depolarization currents measurements for cable 1 
 
 
Fig. 8  Polarization and depolarization currents measurements for cable 2 
 
 
Fig. 9  Polarization and depolarization currents measurements for cable 3 
 
974
 Fig. 10  Polarization and depolarization currents measurements for Cable 4 
 
 
Fig. 11  Polarization and depolarization currents measurements for Cable 5 
 
 
Fig. 12  Polarization and depolarization current measurements for cable 6 
B. Decay Constants, Ai and τi in PDC Simulation Modeling 
Fig. 13 illustrates the depolarization current for all six 
XLPE cable samples plotted together in the time domain. It 
can be observed that the depolarization currents showed no 
significant difference between one trendline to the other. The 
negligible variation exhibited may be attributed to the fact 
that these XLPE cable samples were manufactured by the 
same cable supplier and had undergone the same cable 
construction processes. The depolarization currents decayed 
from around 3–8 nA to around 0.3–8 pA, within the 
measurement duration. 
 
Fig. 13  Depolarization current plots for all six new, unused baseline PDC 
measured XLPE cables 
 
The purpose of approximating decay constants, Ai and τi is 
to determine the most appropriate number of parallel RC 
branches, n representing the XLPE cable insulation, with 
reference to Fig. 3. The depolarization currents from 
baseline PDC measurement results were taken as a point of 
reference. The depolarization processes, which are 
represented by parallel RC branches of the equivalence 
circuit, estimate the response of the XLPE cable insulation 
by using distributed relaxation times theory. Dependent on 
the exponential decay shape of the depolarization current, 
the value of n varies from four to ten [14].  
From the baseline PDC measurement results of 
depolarization current obtained for the six XLPE cable 
samples, the sets of data points recorded during the whole 
measurement period for each sample were determined. 
Depending on the value of n selected, the depolarization 
current was then segregated into several segments, as shown 
in Fig. 14. For example, if the number of RC branches is 
selected to be 5, then Cable 1, which had 66 data points for 
the duration of 1,000 s, will have around 13 data points of 
depolarization current for each segment. 
 
Fig. 14  Segregation of current according to the number of parallel RC 
branches, n 
 
From the plot of these segmented data points in the time 
domain, an exponential relationship can be obtained via 
curve fitting, using a form of mathematical regression 
analysis called least squares method. Fig. 15 shows an 
example of the exponential relationship approximated from 
the first segment of the current for Cable 1, representing the 
first RC branch. 
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 Fig. 15  Exponential trend-line obtained from first RiCi branch for cable 1 
 
The expression for the exponential trendline obtained 
from the first RC branch was then used to simulate the 
depolarization current for the whole period of measurement. 
The simulated values were then subtracted from the actual 
measurement, leaving current values for the other four RC 
branches as the first RC branch current would cancel itself 
with the simulated values.  
The same process was repeated to find the exponential 
function representing the remaining RC branches in order to 
approximate the values for Ai and τi. Once the values for Ai 
and τi were found for each branch current, their 
corresponding values of Ri and Ci were determined.  
The depolarization current for the insulation can also be 
simulated as it is made up of the individual current flowing 
in each branch that has been determined based on the 
number of branches, n selected. The overall procedure for 
computing the simulation modeling of PDC can be 
summarized in the flowchart, shown in Fig. 16. 
 
 
 
Fig. 16  Flowchart for PDC simulation modelling 
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C. Number of Parallel RC Branches, n in PDC Simulation 
Modelling  
Using the technique given above in part B, the results of 
current simulation models with different numbers of n 
against the baseline PDC measurement for Cable 1, were 
obtained and shown in the following Fig. 17 until Fig. 19. 
 
 
Fig. 17  Comparison between measured and simulated depolarization 
currents for Cable 1, with n = 4 
 
 
Fig. 18  Comparison between measured and simulated depolarization 
currents for Cable 1, with n = 5 
 
 
Fig. 19  Comparison between measured and simulated depolarization 
currents for Cable 1, with n = 6 
 
From these results, it can be seen that the number of 
parallel RC
 
branches that is most suitable to represent the 
current measurement is n = 5 since the result resembles 
closest to the baseline PDC measurement. For n = 4, the 
simulation deviates quite significantly from the baseline 
PDC measurement, and when n = 6, there was a slight 
deviation in the early region of the depolarization current. 
The simulation was also attempted using n = 7, but the result 
obtained differs significantly from the baseline PDC 
measurement and therefore will not be discussed further. 
From the optimization of n and simulated depolarization 
current, the values for decay constants Ai and τi were 
obtained using (5) for each parallel RC branch.  These decay 
values were then used to calculate for Ri and Ci values for 
each branch using (6) and (7). The Ri and Ci values obtained 
for XLPE cable 1 are recorded in the following Table 2. 
 
TABLE II 
CABLE 1- PARAMETERS OF Ai ,τi , Ri AND Ci  
 Number of parallel RC
 
Branches, n 
 5 4 3 2 1 
Ri 
(Ω/m) 
8.64  
x 1012 
1.24  
x 1014 
1.11  
x 1014 
1.67  
x 1013 
1.67  
x 1012 
Ci 
(Fm) 
3.86  
x 10-10 
4.05  
x 10-12 
2.81  
x 10-13 
2.99  
x 10-13 
3.86  
x 10-13 
 
D. PDC Comparison between Measured and Simulation 
Modeling 
Similar observations of optimised n = 5, were also 
obtained for the remaining five XLPE cable samples, Cable 
2 until Cable 6, as seen in the following Fig. 20 to Fig. 24. 
 
 
Fig. 20  Comparison between measured and simulated depolarization 
currents for Cable 2, with n = 5 
 
 
Fig. 21  Comparison between measured and simulated depolarization 
currents for Cable 3, with n = 5 
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Fig. 22  Comparison between measured and simulated depolarization 
currents for Cable 4, with n = 5 
 
 
Fig. 23  Comparison between measured and simulated depolarization 
currents for Cable 5, with n = 5 
 
 
Fig. 24  Comparison between measured and simulated depolarization 
currents for Cable 6, with n = 5 
 
Summaries of the Ri and Ci values for the remaining five 
XLPE cable samples, Cable 2 to Cable 6, were found to be 
as per tabulated in Table 3 and Table 4 respectively. These 
values which were calculated using governing equations of 
(6) and (7) in MATLAB, influences the exponential decay 
shape of the simulated polarization currents. 
 
 
TABLE III 
SUMMARY OF CALCULATED Ri FOR CABLES 2 TO 6  
Cable 
Resistance per meter for branch i, Ri (Ω/m) 
5 4 3 2 1 
2 
1.50  
x 1013 
3.33  
x 1013 
2.00  
x 1013 
5.00  
x 1013 
3.33  
x 1012 
3 
3.16  
x 1013 
3.33  
x 1013 
5.00  
x 1013 
1.11 
x 1013 
1.00  
x 1012 
4 
1.26  
x 1013 
1.11  
x 1013 
1.00  
x 1013 
3.33  
x 1012 
1.67  
x 1011 
5 
2.11  
x 1013 
1.00  
x 1013 
5.00  
x 1012 
3.33  
x 1012 
1.67  
x 1012 
6 
7.52  
x 1012 
1.43  
x 1013 
3.33  
x 1013 
1.00  
x 1013 
2.00  
x 1012 
 
TABLE IV 
SUMMARY OF CALCULATED Ci FOR CABLES 2 TO 6  
Cable 
Capacitance meter for branch i, Ci (Fm) 
5 4 3 2 1 
2 
1.11  
x 10-10 
3.75 
x10-12 
9.10  
x 10-13 
9.56  
x 10-14 
3.90  
x 10-13 
3 
3.16  
x 10-11 
2.73  
x 10-12 
5.26  
x 10-13 
4.76  
x 10-13 
6.06  
x 10-13 
4 
7.91  
x 10-11 
4.50  
x 10-12 
7.69  
x 10-13 
4.86  
x 10-13 
1.50  
x 10-12 
5 
4.75  
x 10-11 
7.14  
x 10-12 
3.57  
x 10-12 
1.85  
x 10-12 
6.36  
x 10-13 
6 
2.21  
x 10-10 
7.00  
x 10-12 
4.47  
x 10-13 
2.97  
x 10-13 
3.84  
x 10-13 
 
From the PDC simulation comparisons done against new 
and unused XLPE cable samples, it can thus be hypothesized 
that the optimal number of parallel RC branches in 
approximating the equivalent circuit parameters for these 
XLPE cable samples is n = 5, for a 1,000 s duration of the 
current measurement.  
This is consistent with what has been reported in [14] that 
the optimal number of parallel RC branches can vary from 4 
up to 10, dependant on the duration of measurement of 
insulation test object and decay pattern of its depolarization 
current. For XLPE cable insulation, it has been found to 
have a shorter measurement duration of 1,000 s instead of 
the longer measurement durations of 3,000 s and 10, 000 s 
respectively , found for oil-impregnated paper insulated 
power transformer [13] and metal oxide surge arrester [14].  
IV. CONCLUSIONS 
Using the linear dielectric circuit equivalence model and 
its corresponding governing equations, it is possible to 
determine the number of parallel RC
 
branches to simulate for 
PDC analysis, specifically for XLPE cable insulation. In the 
studies done in [13] and [14], the PDC measurement were 
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performed to analyze conditions of insulation for oil-
impregnated paper insulated power transformers and metal 
oxide surge arrester, instead of XLPE cables, and the 
duration of PDC measurement were set for durations of 
3,000 s and 10,000 s respectively, instead of 1,000 s. 
Therefore, it can be deduced that the type and geometry of 
insulation under study, and the duration measurement may to 
some extent dictate the ideal number of parallel RC branches 
required to represent the linear dielectric circuit equivalence. 
The proposed PDC simulation has been validated against 
the baseline PDC measurements to a very high precision 
level, seen by the almost overlapping measured and 
simulated depolarization current trendlines in all six XLPE 
cable samples. 
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